Mycobacterium malmoense is the latest of a roster of atypical mycobacteria implicated in pulmonary
regard as the most characteristic feature of the pathogen.
Mycobacterium malmoense is among the most recently classified of assorted mycobacterial species and subspecies, now occurring frequently in humans as a cause of pulmonary and disseminated infections (2, 3, 7, 15, 16, 25, 29, 33) . Little is known of the physiologic and phenotypic characteristics of the organism other than that it is nonphotochromogenic, exhibits some distinctive biochemical reactions and presents unique characteristics of lipid pattern (15, 20, 29) . To identify precise antigenic traits that could distinguish the organism from other mycobacteria, more than 20 isolates from patients with pulmonary disease in which no other etiology was defined and which conformed in biochemical reaction to M. malmoense were examined by classical seroagglutination methods and by thin-layer chormatography (TLC) of lipid extracts. One distinct group of strains demonstrated a spectrum of glycolipids and an agglutination profile indicative of homology in the comportment of the surface antigens. The rest of the isolates showed varied and atypical glycolipid profiles and agglutination interreactions and were, accordingly, excluded from mainstream M. malmoense. The characteristic glycolipids of M. malmoense sensu stricto were isolated, and detailed analysis showed that they were of the newly found, trehalose-containing lipooligosaccharide (LOS) class of antigens distinguished by characteristic nonreducing termini (4) .
MATERIALS AND METHODS
Strains of mycobacteria. The prototype strain of M. malmoense used was TMC 802 from the Trudeau Mycobacterial Collection. Isolates from patients with pulmonary 4+  4+  4+  4+  4+  3+  0  0  0  Juhlin 6-19  3+  4+  4+  3+  4+  3+  4+  0  0  0   Juhlin 6-20   4+  4+  4+  4+  4+  4+  4+  0  0  0  Juhlin 6-21  4+  4+  4+  4+  4+  4+  4+  0  0  0  Dawson 6-22  4+  3+  3+  3+  3+  3+  4+  0  0  4+  2-12  3+  0  0  0  0  0  4+  4+  0  3+  3- a The criteria for initial identification as M. malmoense are described elsewhere (15, 29) . The key features are isolation of nonphotochromogenic mycobacteria which hydrolyze Tween 80 and, in most instances, contain a thermolabile catalase.
b [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and 9-36 were isolates sent to us for identification. The names of the investigators who supplied the rest of the strains are included with the strain designations.
c The scoring system used for the degree of agglutination was described previously (32) . SA, Spontaneous agglutination.
Purification of LOSs. Column chromatography of the entire washed lipid preparation (2 g) was performed on Florisil (Floridin Co., Pittsburgh, Pa.) columns (3 by 14 cm), as described previously (12) , using stepwise elution with increasing concentrations of CH30H in CHCl3. The most polar, highly antigenic LOSs (Fig. 1B) The initial carbohydrate preparation (8 mg in 250 p.l of water) was applied with an Altex HPLC injector followed by water. After 5 min, a gradient of 0 to 20%o CH30H in water was applied over a 30-min period at a flow rate of 1 ml/min. Fractions (0.5 ml) were assayed for carbohydrate and subjected to TLC in 1-butanol-pyridine-H20 (6:4:3). To establish the relationship between the individual oligosaccharides and the major intact polar LOS antigen, a sample of the antigen (0.4 mg) was dissolved in 1 ml of CHCl3-CH30H (2:1) and reacted with an equal volume of 0.2 N methanolic NaOH at 37°C for 20 min. The released oligosaccharide was compared with oligosaccharides I to III (Ose I to III) by TLC.
Analytical procedures. Intact LOSs, oligosaccharides from LOSs, and per-CH3-or per-C2H3-oligosaccharides (31) were hydrolyzed with 2 M CF3COOH, and alditol acetates were prepared as described by Sawardeker et al. (27) . Sensitive chemical procedures (21, 22) for sequencing the glycosyl residue of complex polysaccharides were applied as described except that partial acid hydrolysis of per-O-alkylated oligosaccharide alditols was followed by TLC rather than by gas chromatography (GC)-mass spectrometry (MS). The absolute configuration of sugars was determined, after initial de-O-methylation of the oligosaccharide (21a, 24) , by GC of the 2-(+)-butyl glycosides (10) . GC of the alditol acetates and the partially methylated alditol acetates was performed on an SP-2340 capillary column (Supelco, Bellefonte, Pa.) or a Durabond (DB)-1 capillary column (J&W Scientific, Rancho Cordova, Calif.) as described previously (21a) . Trideuteriomethylated oligosaccharides were also partially hydrolyzed with 2 M CF3COOH (1 h at 90°C). The resulting mixture of smaller oligosaccharides was then reduced with NaB2H4 and 0 ethylated as described previously (21, 21a; M. McNeil, S. J. Wallner, and P. J. Brennan, Carbohydr. Res., in press). The products were resolved on the DB-1 capillary column. GC-MS of the mixture of per-O-alkylated oligosaccharides and per-O-alkylated glycosyl alditols was also conducted on the DB-1 capillary column in a VG 16 gas chromatogram-mass spectrometer equipped with a 2000 series data system. Samples were injected with a dropping needle injector (21a) . A temperature program of 200°C for the initial 4 min and an 8°C/min rise to a final temperature of 330°C was used. Details of fast-atom bombardment (FAB)-MS have been published (21a). Californium desorption mass spectrometry was performed as described previously (14) .
Treatment with a-mannosidase. Glycosidase treatment of oligosaccharides was conducted with jack bean a-mannosidase (Sigma Chemical Co., St. Louis, Mo.). Before use, the enzyme (13 U, 0.75 mg) was dissolved in 2 ml of 50 mM sodium acetate buffer (pH 4.5) and concentrated to 0.1 ml with a Centricon-30 Microconcentrator (Amicon Corp., Danvers, Mass.) with a cutoff Mr of 3 x 104. The enzyme was added to the oligosaccharide preparation (0.5 mg) and incubated in the presence of a drop of CHCl3 for 48 h. Another 1 mg of enzyme was prepared in the same way and added to the reaction mixture, and the mixture was incubated for 7 more days. The reaction mixture was applied to a C-18 Sep-Pak (Waters Associates, Inc., Milford, Mass.) column, the column was washed with water, and the oligosaccharide degradation products were eluted with CH30H.
RESULTS
Seroagglutination. Rabbit antisera were prepared to all of the original isolates of M. malmoense (29), the prototype strain, TMC 802, and strains 2-12, 3-18, 8-7, and 9-36. The results of reaction of the titered sera against the homologous and heterologous strains and additional isolates to which no antisera had been prepared are shown in Table 1 . One distinct group of isolates emerged, M. malmoense sensu stricto, composed of strains 6-18 to 6-22, which showed perfect cross-reactivity patterns, indicating a homologous group of mycobacteria. The seroagglutination patterns of the remaining isolates indicated that they did not share the same set of overt antigens with M. malmoense sensu stricto, although there was evidence of an interrelationship between some, for instance, strains 2-12 and 3-15.
TLC. Since the agglutinins of all atypical mycobacteria are glycolipid in nature, belonging to either the mycoside-C glycopeptidolipid class (5) or the acylated trehalosecontaining LOS class (13), total washed lipid extracts were prepared from most of the strains listed in Table 1 and others and chromotographed in CHCl3-CH3OH-H20 ( Fig. 1A and B). The results were striking and supportive of seroagglutination. Strains TMC 802, 6-19, 6-20, and 6-21 ( Fig. 1A and B), 6-22 (Fig. 1B) , and 9-3 ( Fig. 1A) were similar in most major respects. Strains 7-25, 3-28, and 3-29 ( Fig. 1A) formed a distinct group which shared most similarities with the first group. Certainly all of these isolates and, in addition, 3-36 and 9-4 ( Fig. 1A) shared the same major polar LOS antigen that is the subject of this report. Otherwise, the patterns were markedly different. Interestingly, strains 2-12 and 3-15, which showed some conformity in seroagglutination (Table  1) , were devoid of characteristic glycolipids.
Isolation of the component oligosaccharides of LOS antigens of M. malmoense. Upon treatment with alkali, the glycolipids shown in Fig. 1 showed no discernible TLC pattern, indicating members of the alkali-labile LOS class (13 GC of the (CH3)3Si-S-(+)-2-butyl glycosides of the Rha, Man, Gal, and Glc in Ose I to III, conducted as described previously (10), demonstrated that the hexoses were all in the D configuration, whereas the Rha was in the L configuration (results not shown). Upon demethylation of Ose II (24), all of the Rha was shown to be in the L configuration, and thus the 3-0-Me-Rha must be based on L-Rha. Furthermore, 
Methylation analysis of per-C2H3-Ose I, II, and III ( Table  3 ) clearly showed that each contained two nonreducing terminal glycosyl residues, a terminal Glc and Man in Ose I Structure of Ose H. Ose II, being the major oligosaccharide and the one arising from the major antigenic LOS of M. malmoense (see below), was selected for detailed analysis. In the first analysis, designed to obtain unequivocal evidence for the presence of trehalose, underivatized Ose II was subjected to a variety of partial acid hydrolysis conditions. TLC in 1-butanol-pyridine-H20 (6:4:3) of the products of hydrolysis with 2 M CF3COOH at 95°C for 1 h showed the release of free Man, Rha, and a product which migrated as trehalose. The hydrolysate was also subjected to the permethylation procedure followed by preparative HPLC on a C-18 column with a gradient of 30 to 50% CH30H over 45 min at a flow of 1 ml/min. A major product with a retention time of 34 min, identical to that of per-O-CH3-trehalose, was obtained. Data from 'H nuclear magnetic resonance and GC-electron impact MS analysis as described previously (13) and the RT value from GC on the DB-1 capillary column were all identical to those for standard per-O-CH3-trehalose. The fact that the adjacent D-glucopyranosyl (D-Glcp) residue of trehalose was C-3 linked (Table 3) indicated that one end of the oligosaccharide chain of Ose I must be composed of
The other end of the nonasaccharide chain (usually called the nonreducing end; however, since both ends are nonreducing, the term left-hand end may be more appropriate) proved to consist of a mannobiose unit, based on the following information. Extensive digestion of Ose I with jack bean a-mannosidase followed by TLC in 1-butanol-pyridinewater (6:4:3) showed the loss of all of the original oligosaccharide (RF, 0.79) and the appearance of free Man (RF, 0.47) and two further degradation products with surprisingly fast mobility (RF, 0.85 and 0.90). That these were, respectively, the octasaccharide devoid of a terminal Man and the heptasaccharide devoid of a terminal mannobiose was deduced from the fact that when the entire a-mannosidase digest was deuteriomethylated and subjected to FAB-MS, two 
To arrive at a complete structure, the original Ose II was subjected to sequential pertrideuteriomethylation, partial acid hydrolysis, NaB2H4 reduction, and 0 ethylation, as described previously (21) O-C2H3-glycosyl alditols was analyzed by GC-MS (Fig. 3) .
Data on the pertinent ions used to identify each peak are presented in Table 4 , and on this basis, the structures shown in Table 4 are proposed.
In an effort to demonstrate the logic used in arriving at these structures, the mass spectrum and contingent interpretation of peak v, a per-O-alkylated glycosyl alditol, is shown in Fig. 4 . In addition, the mass spectrum of a per-O-alkylated oligosaccharide, peak vi, and the origin of its fragments are shown in Fig. 5 . The hexosyl residues in the proposed structures for peaks ii, iii, v, vii, viii, and ix were assigned as either Man or Glc even though MS cannot differentiate between hexosyl isomers. The reason is that the outcome of the a-mannosidase digestion and the successful isolation of the trehalose unit proved that the Man residues are contiguous at the left-hand end of the linear oligosaccharide and the Glc residues are contiguous and in linkage at the other end. Thus, it follows that the Glc in a per-0-alkylated oligosaccharide (as opposed to a per-0-alkylated glycosyl alditol) must be present in the form of trehalose; likewise, any per-0-alkylated glycosyl alditol cannot contain Glc as such, and its hexosyl residues, when present, must be Man. The two C-2-linked 3-0-Me-Rha residues were assigned as such (Table 3) without equivocation because of their unique mass, and the two C-2-linked Rha residues were differentiated from the single C-3-linked Rha based on the characteristic fragments which distinguish one from the other. Accordingly, the Rha residue in per-0-alkylated oligosaccharide v (Fig. 4) was shown to have an O-C2H5 group at C-3 (and thus is C-3 linked in the original Ose II) based on the loss of C2H5OH, rather than C2H30H, from the cAl fragment (18) .
The location of the C2H5 group on 0-3 of the Rha residue was confirmed by the m/z value of 518 assigned to the abJ1 ion. The abJ1 ion of a Rha unit is known to contain C-1, H-1, 0-3, and an alkyl group on 0-3 (18) ; if the C2H3 group was on 0-3 of the Rha residue and the C2H5 group was therefore on 0-2, the m/z value for the abJj ion would have been 507. The structure assigned to peak v was confirmed by an analysis of the fragment data for oligosaccharide viii (Table 4) . Here the diagnostic abJo ion (m/z 490), with an mlz value 46 mass units higher than that for the abJ2 ion (m/z 444), unequivocally demonstrated that the penultimate Rha unit must have a glycosyl residue (Rha) rather than an 0-alkyl group linked at C-3 (30) . The JO ion arose from C-1, H-1, and 0-3 of the C-3-linked Rha residue and H-2 of the terminal Rha residue (30) . It is important to note that the C-3-linked rhamnitol residues in compounds iv and vi were not distinguished from the C-2-linked rhamnitol residue in compound i by MS of these compounds but rather from an analysis of the mass spectra of compounds i, ii, and vi. Based on this form of analysis, a complete sequence for Ose II is proposed (Fig. 6) . The origin of the fragments which allowed this formulation is also shown. Further confirmatory evidence for this novel structure was provided by FAB-MS of the entire per-O-C2H3-Ose II (Fig. 7) .
Anomeric configuration of glycosyl residues in Ose I. 'H nuclear magnetic resonance of Ose II showed that the chemical shifts of all of the anomeric protons were greater than 8 4.85 and, accordingly, were in the a configuration (12) . 
The nomenclature is that of Kochetkov and Chizhov (18) . b w, Weak; ma, major; mi, minor; NO, not observed.
Identification of this compound must be considered tentative because the diagnostic ions were weak.
d The linkage of the alditol at C-3 was not deduced from the mass spectrum. See the text. m/z 463 is an abJo ion due to the fact that the mannosyl residue is C-3 linked. f-, No a3J or aJo ions were observed. g This structure is based on knowledge of the structure of compound vi.
proposed complete nonasaccharide structure for Ose II is a-DManp-
Structures of Ose I and Ose m. The sequences of sugars in Ose I and Ose III were not determined from first principles. However, the glycosyl composition (Table 2) , glycosyl linkage analysis (Table 3) , and size (1,410 daltons) demonstrate that Ose I is identical to Ose II, except that only one, instead of two, of the C-2-linked Rha residues is 0 methylated at C-3. FAB-MS of the deuteriomethylated Ose I yielded ions at m/z values of 589, 624, 769, and 946, which, when interpreted in the same fashion as for Ose II, point to the
Glycosyl composition analysis of Ose III (Table 2) (Table 3) and FAB-MS analysis, which showed a molecular weight of 1,585 for per-C2H3-Ose III (and hence a molecular weight of 1,262 for underivatized Ose III), pointed to an octasaccharide containing a termin; galactofuranosyl (Galt) residue instead of the mannobio'
unit. The sequence of sugars in this octasaccharide was n L determined directly but by analogy with the nonsacchl Ose II. The following structure for Ose III is presented:
The intact, polar, antigenic LOS. The quantitatively major polar LOS, which was shared by most of the mainstream M. malmoense isolates (Fig. 1A and B) , was also the most antigenic in an enzyme-linked immunosorbent assay ( ].
vii FIG. 6 . Postulated sequence of sugars in the nonasacchatide (Ose II) and the origins of the individual fragments that had been resolved by GC (Fig. 3) . chromatography as described in Materials and Methods; TLC of the crude and 40% CH30H-in-CHCl3 eluates is shown in Fig. 1B . Subsequent normal-phase, semipreparative HPLC produced the fully purified LOS (Fig. 1B) . A sample was deacylated, and TLC of the resulting oligosaccharide in 1-butanol-pyridine-water (6:4:3) (26) , was obvious in both spectra. For the methyl ester of the C27 fatty acid, the lack of an M-57 ion at mlz 365, which should be formed by expulsion of -CH-2, -CH3-2', -CH2-3, -CH2-4, and a hydrogen (26) , suggests a branch at C-4; this ion is present in the spectrum of (-)-methyl 2-D-methylhexacosanoate (26 Fig. 1 and that yielding the mannobiose-and trehalose-containing nonasaccharide depicted in Fig. 7 is the species-specific antigen of M. malmoense sensu stricto; analogous structures in Mycobacterium kansasii (12) (Fig. 1A) (15, 20, 29) . However, this characteristic is shared by many other mycobacteria, both pathogens and nonpathogens, and a second, deciding test for urease activity, has proved fallible in different hands (15, 20) .
The most distinctive features of the M. malmoensespecific, polar LOS is the a-D-Manp-(1-*3)-a-D-Manp terminal unit, because such a unit had not been encountered in the species-or type-specific glycolipids of mycobacteria. However, unlike the corresponding unit in the LOS antigens of M. kansasii, defined as a-N-acylkanosaminyl-(1--*2)-Lfucopyranoside (12) , the epitope of the M. malmoense LOS is not a unique structural unit; such mannobiose units are common in the high-mannose glycoprotein of animal cells (19) and the side chain and core units of yeast mannan (1) malmoense may also imply an invariant distribution of acyl functions on the right-hand terminal glucosyl residue rather than a distribution on both glucoses on the trehalose unit, as happens in the compounds described by Kamisango et al. (17) . Regardless of exact location, the LOS of M. malmoense is polar amphipathic, implying that the trehalose end is immersed in the hydrophobic interaction area of the cell wall (11) , whereas the exposed distal end is implicated in the immunogenicity and, perhaps, pathogenicity of the bacillus. ADDENDUM IN PROOF Cf desorption mass spectrometry (positive ions) of the per-O-acetylated native LOS revealed a (M+Na)+ centered at m/z 3074, corresponding to the molecular weight expected for the proposed nonasaccharide containing one each of 2-methyleicosonoate, 2,4-dimethyl pentacosanoate, and octanoate and 19 exogenously added acetyl functions. Also, fragment ions from each of the glycosyl residues, such as those obtained from some of the glycosyl residues during FAB-MS (Fig. 7) , were observed, and the mass of these was such as to indicate that the three fatty acyl residues must be on the terminal glucosyl group of the trehalose unit. Thus, the evidence indicates that in the native LOS, the three fatty acyl functions are all located on the terminal glucosyl residue of the trehalose unit.
